£ R -

r 3

U.S. DEPARTMENT OF COMMERCE
National Technica! Information Service

AD-A026 833

Applied Superconductivity
Amplifiers and
Microcomposite Wire

Harvard Univ.

Prepared For
Office of Naval Research

Januvary 1976




7

Between the time you ordered this report—
which is only one of ‘Ye hundreds of thou-
sands in the NTIS information collection avail-
able to you—and the time you are reading
this message, several new reports relevant to
your interests probably have entered the col-
lection.

Subscribe to the Weekly Government
Abstracts series that will bring you sum-
maries of new reports as soon as they are
received by NTIS from the originators of the
research. The WGA’s are an NTIS weekly
newslette: service covering the most recent
research findings in 25 areas of industrial,
technological, and sociological interest—
invaluavle information for executives &and
professionals who must keep up to date.

The executive and professional informa-
tion carvice provided by NTIS in the Weekly
Government Abstracts newsletters will give
you thorough and comprehensive coverage
\of government-conducted or sponsored re-

KEEP UP TO DATE

\

search activities. And you'll get this impor-
tant information within two weeks of the time
it's released by originating agencies.

WGA newsletters are computer produced
and electronically photocomposed to slash
the time gap between the release of a report
and its availability. You carn learn about
technical innovations immediately—and use
them in the most meaningful and productive
ways possible for your organization. Please
request NTIS-PR-205/PCW for more infor-
mation.

The weekly newsletter series will keep you
current. But /learn what you have missed in
the past by ordering a computer NTISearch
of all the research reports in your area of
interest, dating as far back as 1964, if you
wish. Please request NTIS-PR-186/PCN for

WRITE: Managing Editor
5285 Port Royal Road
Springfield, VA 22161

/

SRIM (Selected Research in Microfiche)
provides you with regutar, automatic distri-
bution of the complete texts of NT!S research
reports only in tne subject areas you select.
SRIM covers almost all Government re-
search reports by subject area and/or the
originating Federal or local government
agency. You may subscribe by any category
or subcategory of our WGA (Weekly Govern-
ment Abstracts) or Government Reports
Announcements and Index categories, or to
the reports issued by a particular agency
such as the Department of Defense, Federal
Energy Administration, or Environmental
Protection Agency. Other options that will
give you greater selectivity are available on
request.

The cost of SRIM service is only 45¢
\domestic (60¢ foreign) for each complete

Keep Up To Date With SRIM

more information.

microfiched report. Your SRIM service begins
as soon as your order is received and proc-
essed and you will receive biweekly ship-
ments thereafter. If you wish, your service
will be backdated to furnish you microfiche
of reports issued earlier.

Because of contractual arrangements with
several Special Technology Groups, not all
MTIS reports are distributed in the SRIM
program. You will receive a notice in your
microfiche shipments identifying the excep-
tionally priced reports not available through
SRIM.

A deposit account with NTIS is required
before this service can be initiated. If you
have specific questions concerning this serv-
ice, please call (703) 451-1558, or write NTIS,
attention SRIM Product Manager. /

This information product distributed by

5285 Port Royal Road
Springfield, Virginia 22161

US. DEPARTMENT OF COMMERCE

National Technica! Information Service



N /
/
’
#

-

AA026833

- 198071 ~ AN

~

Office of Maval Research
Contract NOOO14-76-C-0032 NR-318-003
ARPA Contract DANC 15-75-6-18

Natienal Science Fowndation Grast pMR72-03020
National Science Fonndation Gramt GH-34133x

APPLIED SUPERCONDUCTIVITY:
AMPLIFIERS AND MICROCOMPOSITE WIRE

Arthur Davidson

I
U{ |

January 1976

(o o

Jur 15 1976

Gt

Technlcal Report No. 12

This docament has been approved for public release
and sale; its distribution is unlimited. Reproduction in
whole or in part is permitted by the U, S. Government.

Division of Engineering and Applied Physics
Harvard University « Cambridge, Massachusetts

REPRODULED BY

. NATIONAL TECHNICAL
| INFORMATION SERVICE

_ DEPARTMENT OF COMMERCE
vs SPRINGFIELD, VA. 22161



Unclassified
SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

REPORT DOCUMENTATION PAGE BEFOL O B
[T. REPORT NUMBER 2. GOVT ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER
TR12

4. TITLE (and Subtitle) $. TYPE OF REPORT & PERIOD COVERED

APPLIED SUPERCONDUCTIVITY: .
AMPLIFIERS AND MICROCOMPOSITE WIRE Interim Report

6. PERFORMING ORG. REPORT NUMBDER

7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(e)
N00014-76-C-0032, DAHC

Arthur Davidson 15-73-G-16, DMR72-03020
GH-34133x

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. ::gg‘Awoenn.x:ﬁr;.ﬂaaggg, TASK

Division of Engineering and Applied Physics

Harvard University

Cambridge, Massachusetts 02138

1. CONTROLLING CFFICE NAME AND ADDRESS 12. REPORT DATE
January 1976

13. NUMBER OF PAGES
RA4h

4. MONITORING AGENCY NAME & ADDRESS(If ditferent from Controlling Otfice) 18. SECURITY CLASS. (of this report)

Unclasgsified

15a, DECL ASSIFICATION/DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

This document has been approved for public release and sale; its distribution
is unlimited. Reproduction in whole or in part is permitted by the U. S.
Government.

17. DISTRIBUTION STATEMENT (of the ebetract entered in Block 20, {f different from Report)

18. SUPPLEMENTARY NOTES

PRICES SUBJECT TO CHANGE

19. KEY WORDS {Continue on reverse side it necessary and identify by block number)
Applied superconductivity

Amplifiers

Microcomposite wire

20. ABSTRACT (Continue on reverse eide If necessary and identify by block number)

This report is in two parts. PartI is concerned with superconductive
devices employed as amplifiers with particular emphasis on SQUID's, We
show that superconductive amplifiers are electrical duals to MOSFET ampli-
fiers and that the same types of parameters describe both types of amplifiers|
In particular we show that the noise of each type of amplifier is characterized
by three quantities: a minimum noise temperature, an optimum source
resistance, and a constant product of nome temperature and input circuit
time constant, We call this last par 3

Unclassified

DD , %%, 1473 eoition oF 1 nov es s owsoLETE
S/N 0102-014- 6601 /

SECURITY CLA_SIFICATION OF THIS PAGE (When Date Entered)




Y PR

o e ot ey

Uneclassified
LLUURITY CLASSIFICATION OF THIS PAGE(When Dete Entered) jar

20. Abstract continued

shows that amplifiers with liquid helium noise temperatures over hundreds of
kilohertz can be made from superconductive devices.

Part II is a study of superconductive microcomposite wires that have
potential applications in industry. The wires are a microcomposite of Cu,
NB, and Sn, made by Tsuei's process. We present data taken with both
conventional and SQUID apparatus. Our samples with low concentrations of
Nb. (5 atomic %) all show a relatively small magnetization indicative of imper-
fect screening of magnetic flux, and a small remnant resistivity. Samples
with 10 atomic 4 Nb, however, have virtually perfect screening character-
istics at low temperatures and in small applied magnetic fields, and show
no evidence of remnant resistance. Insight gained in studying these micro-
composites has led us to an amalgamation of percolation theory and the
effective medium theory for conduction in inhomogeneous media. Formulas
resulting from this amalgamation fit not only our data on microcomposites,
but also fit data from totally different materials.

4 doi .
: 1 VEETSON for 5

Pus % Suston
j s LT Y |

o A Mom e <ons e s 0t

Unclassified

SECURITY CLASSIFICATION OF THIS PAGE(When Defe Entered)




it
Office of Naval Research
Contract N00014-76-C-0032 NR-318-003
National Science Foundation Grant DMR72-03020
National Science Foundation Grant GH-34133X

ARPA Contract DAHC 15-73-CG-16

APPLIED SUPERCONDUCTIVITY:

AMPLIFIERS AND MICROCOMPOSITE WIRE

By

Arthur Davidson

Technical Report No, 12

This document has been approved for public release
and sale; its distribution is unlimited. Reproduction in
whole or in part is permitted by the U, S, Government,

January 1976

The research reported in this document was made possible through
support extended the Division of Engineering and Applied Physics,
Harvard University, by the Office of Naval Research, under Contract
N00014-76-C-0032 and by the Advanced Research Projects Agency
under Contract DAHC 15-73-G-16 and by the National Scicace
Foundation under Grants DMR 72-03020 and GH-34133X,

Division ur Engineering and Applied Physics

Harvard University . Cambridge, Massachusetts

2k e . &




/G
ABSTRACT

This report is in two parts. Part I is concerned with
superconductive devices employed as amplifiers with partic-
ular emphasis on SQUID's. We show that superconductive
amplifiers are electrical duals to MOSFET amplifiers and that
the same types of parameters describe both types of ampli-
fiers. 1In particular we show that the noise of each type of
amplifier is characterized by three quantities: a minimum
noise temperature, an optimum source resistance, and a
constant product of noise temperature and input circuit
time constant. We call this last parameter the action
factor. Our analysis shows that amplifiers with liquid
helium noise temperatures over hundreds of kilohertz can be
made from superconductive devices.

Part II is a study of superconductive microcomposite
wires that have potential applications in industry. The
wires are a microcomposite of Cu, Nb, and Sn, made by
Tsuei's process. We present data taken with both conven-
tional and SQUID apparatus. Our samples with low concen-
trations of Nb (5 atomic %) all show a relatively small
magnetization indicative of imperfect screening of magnetié
flux, and a small remnant resistivity. Samples with 10
atomic % Nb, however, have virtually perfect screening

characteristics at low temperatures and in sr~a'l applied
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magnetic fields, and show no evidence of remnant resistance.
Insight gained in studying these microcomposites has led us
to an amalgamation of percolation theory and the effective
medium theory for conduction in inhomogeneous media.
Formulas resulting from this amalgamation fit not only our
data on microcomposites, but also fit data from totally

different materials.
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PREFACE

This report is in two distinct parts. Part I is an
investigation of the characteristics of superconductive amp-
lifiers. It was begun at the suggestion of Professor M.R.

Beasley,l

and followed the direction set earlier by him and
Dr. R.S. Newbower . 2 Many of the conclusions reported here
have already been published in a paper3 written by this
author with Dr. Newbower and Professor Beasley.

Part II is an account of our experiments with a new
class of superconductive material: microcomposite wire.
This research began as an interruption in a planned program
of measurements in which a SQUID amplifier was to have meas-
ured noise properties of various superconductive devices,
The properties of the microcomposites turned out to be suf-
ficiently novel, however, that our primary interest shifted
to them. Some preliminary results were published in a
paper4 by this author with Professors Beasley and M. Tinkham.

This report covers the material in tne earlier paper, with

additional data, interpretations, and perspective.

A Note on Units

MKS units are used throughout this report. The most
used conversion in switching from cgs to MKS units is that

104 gauss make one tesla.
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PaART 1

SUPERCONDUCTIVE AMPLIFIERS

CHAPTER ONE: INTRODUCTION

Superconductive devices have been used for sensitive low
temperature electrical measurements for over twenty years,
but their full utility as current and voltage amplifiers
have never been applied. The earliest efforts used super-
conductors as passive devices in conventional schemes.

5

Pippard and Pullan” replaced the copper coil in a conven-

tional electro-mechanical galvanometer with a superconduc-

12

ting coil in 1952, and achieved sensitivities of 10~ volts

with an input circuit time constant of about 10 seconds.

6

Templeton® in 1955 constructed a superconducting chopper to

couple a low temperature experiment to a room temperature
vacuum tube amplifier. He obtained sensitivities of 2x10'll
volts with a 0.1 second time constant. Both of these tech-
niques were restricted to low frequency (a few hertz at most)
applications. The first active superconductive device was
the cryotron, so named by Buck’ in 1956. This device, which
depended on "classical" superconductivity, was originally
conceived as a potential logic and memory device for appli-
cation in large scale computers, but was shown by Newhouse

8

and Edwards® to be applicable to linear amplification as

well, The cryotron was unquestionably a wideband device

L W A AT LT e B At B



Miakittatin

ot o )
S ""nuyu:w.w N aga

capable in principle of low noise operation, but it was
becset by a host of practical problems and was never widely
applied.

The only superconductive devices to be widely applied
as sensitive amplifiers have been those that have relied
upon the Josephson effect, deduced theoretically by B.D.

9

Josephson® in 1962, and confirmed experimentally by Anderson

and Rowelllo in 1963. The first device used as a sensitive

11 ;. 1966, and

electrical detector was invented by Clarke
dubbed the SLUG (for Superconductive Low inductance Undu-
lating Galvanometer). Since then, other devices, gener-
ically termed SQUID'sl2,13 (superconducting QUantum Inter-
ference Devices) have superceded the SLUG. These devices

-16 yo1ts in

have been used to detect voltages as small as 10
a one hertz bandwidth, but they have been applied only at
low frequencies. This is a strange condition indeed, since
the fundamental processes in any Josephson device occur

over time intervals between nano- and picoseconds,l4 so that
SQUID's or SLUG's or any of their variations should be 2
applicable to very high frequencies as linear amplifiers.

It is ironic that the cryotron, which depends on a relative-
ly slow phase transition for its operation, was always
thought of as a high frequency device, while the Josephson

devices, which are extremely fast, have been thought of and

used for only very low frequencies. (An important exception




-

to this irony is the Josephson junction cryetron15 which was
intended to be,and is, very fast. It is at present limited
to digital applications, however.)

In the following section we shall briefly examine the
operation and characteristics of the various active super-
corducting devices, with an eye toward understanding their
limitations. Then we shall analyze in considerable detail
the operation of a radio-frequency biased SQUID voltmeter
circuit. We choose this particular application for detailed
analysis because it has been used in several experiments
in this and other laboratories. Finally, we shall discuss
the close analogy that exists between these devices and
conventional room temperature high impedance amplifiers,
and make suggestions for the further development of super-

conductive iinear amplifiers.
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CHAPTER TWO: PRESENTLY AVAILABLE SUPERCONDUCTING DEVICES

There are at present two classes of active supercon- -
ducting devices suitable for small signal amplification.
The first class takes advantage of only the "classical"
properties of superconductors, while the second class util-
izes one or another of the Josephson phenomena. Classical
properties of superconductors are those that were understood
before Josephson's predictions in 1962.9 Critical currents,
fields, and temperatures, and the coherence length and pene-
tration depth in bulk and thin film superconductors are thus
classical properties. A device that uses these properties
is the cryotron. In the Josephson device category we shall
consider the isolated Josephson junction as well as its

incorporation in SLUG's and SQUID's.

2.1 Cryotrons
7.,8,16

Cryotrons operate by using the field produced by
current in one superconducting path to'quench superconduc-
tivity in a neighboring path. The superconductor that
creates the field is called the control, while the other,
whose conductance is modified by the control, is called

the gate. 1In the original cryotron, the gate was a straight

length of superconducting wire made of, say, Sn, and the

control was a Pb or Nb wire wrapped tightly around




the gate. The device was operated at a temperature just
beneath the critical temperature of the Sn gate (3.7 K) but
well below the transition temperature of the control (9.2 K
for Nb, or 7.2 K for Pb). Thus a particular magni-

tude of control current could drive the gate normal but
leave the control superconducting. Further, if the gate

had a reasonably sharp resistive transition to the normal
state, a small change in the control current could cause a
large change in gate current, so that koth current and power
gain were available. A simpler device to fabricate, and in
many respects superior to the wire wound cryotron just de-
scribed, is the thin film cryotron.l7 This device consists
of two thin films deposited over an insulated ground plane,
as shown in Fig. 1, where the two films are usually at right
angles and are insulated from each other. Again, one film
is the gate, made usually of Sn, and the other film (the
uppermost) is the control made of Pb. Operation is
exactly as described for the wire wound cryotron, but the
low inductance of the control and the small size of the gate
help to speed up the operation of the device.

Cryotrons, particularly the thin film versions, appeared
promising on paper during their initial development, but
they have never enjoyed more than limited application due to
a plethora of practical problems. First it turned out that

the dynamics of the phase transition on which their opera-
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tion depends18 was much slower than had been anticipated.
This ruled out competitive «peration in computers, the orig-
inal motivation for their invention. Second, in linear
operation they are plagued by flicker (l/f) noise8 apparently
due to helium boiling, which makes them nearly useless at
low frequencies or dc. The source of this problem is that
the gate element is nearly as sensitive to temperature fluc-
tuations as it is to magnetic fields, when biased near its
transition. Since there are measures that could be taken to
reduce these temperature fluctuations, this problem is of
technical, not fundamental, importance, but it is an added
complication. Finally, cryotrons require large, stable cur-
rent supplies for biasing, and they are difficult to couple
effectively to room temperature amplifiers. The worst of
these problems, however, are largely overcome by devices

employing the Josephson cffects.

2.2 Josephsoun Junctions

Many devices suitable for sensitive linear amplification
have been made and investigated since Josephson's original
theoretical predictions of 1962. These include devices that
have used tunnel junctions, or point contact junctions, or

thin film microbridge junctions.19

The junctions, of what-
ever type, have been used both alone, and as part of a

larger multiply-connected superconductor. They offer the
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device maker both a richness of possible configurations and
a richness of phenomena to harness in a practical design.
The general subject of Josephson phenomena is too deep to
cover properly here and the reader should refex to the bib-
liography for details of this vast subject. However, the
basic physics underlying most of the details can be presented
briefly in a simple phenomenological picture, and that will
be the aim of this section. After the basic phenomena have
been presented we shall examine their utility in devices.
At the operational level, Jusephson junctions work much
like cryotrons: a magnetic field is used to suppress super-
conductivity. The difference is that in Josephson junctions
superconductivity is suppressed in a very small region and
the suppression is not due to a thermodynamic transition.
Rather, it is due to the decoupling of quantum mechanical
wave functions on either side of a narrow gap. A way in
which this decoupling can occur is sufficiently simple to
warrant a brief discussion.29 Begin by assuming that two
parallel bulk superconductors are brought into close prox-
imity of one another, in a configuration like that shown in
Fig. 2. Let the gap between the two superconductors be
either vacuum, or an ins: lator, or some normal metal. Let
the boundaries of this gap be at ta. Since any supercon-
ductivity in the gap region will be weak, we can write dowr.

the wave functions associated with the macroscopic quantum




Fig. 2 Schematic Josephson junction. Sj; an¢ S, are bulk
superconductors separated by a barrier of width 2a.
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state of each bulk superconductor independently. The prob-
lem is then equivalent to the tunneling of wave functions
out of wells, and typically there will be an exponentially
decaying tail from each side into the gap. Hence, in the
gap or barrier, if wl is the wave function for the macro- =
scopic quantum state on the left, and wz is the wave func-

tion on the right, we can write:

X + a
by = voexpl- + i(g) + e*ax/H))
13
(2-1)
X - a
¥y = boexpl + i(6p + e*Ax/R)]

where Y, and { are real constants. ¢; and ¢, are the gauge-
invarient phases, which differ from the explicit phases of
the wave function by the vector potential term. We have
assumed a vector potential A to exist directed uniformly along
the x axis. Also, e* is the effective charge of a super-
conducting particle (that is, e* = 2e). Now due to the
assumed weakness of superconductivity in the barrier, we
also assume that the net wave function in the gap region

is the sum ¢ = wl + y5. We now have all the information we
need to calculate the supercurrent density flowing through
the junction. We may use the standard quantum mechanical |
form for a current of particles with charge e* and mass m*

(the effective mass of a superconducting particle):
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e*h e*?
J_ = (p*¥y - y¥y*) - — yy*x  amp/m?

'fé 2m*i m*

(2-2)
e*h ; .
13 5;— |¢o| exp(-2a/€) sin(¢; = ¢5) .

»f% The argument of the sine in (2-2) turns out to be express-
b able in terms of the difference in gauge-invariant phase
% j‘ from -a to +a. If the explicit phase at x = -a is ¢_ and
F the explicit phase at x = +a is by then the phase differ-
k. ence ¢; - ¢p is ¢_ - ¢, + 2ae*p/h.
Equation (2-2) can be written more compactly with a

phenomenological coefficient, J,, and the phase difference,

Y

Jg = Josiny (2-3)

<
1}

61 - 63 = 6_ - ¢4 + 2e*an/K

This result is one of the two famous Josephscn equations,
and we may now integrate it to obtain the total current, I,
flowing through the junction. If the magnetic field B is
uniform and in the y direction, parallel to the plane of the

’ junction so that A points along the x direction, then we may

write A = Bz. Further, if the junction has dimension 2
units in the z direction, then the magnetic flux threading

the junction (neglecting shielding currents flowing within
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the barrier) is ¢ = 2aZB. 1In calculating this flux we have

neglected the penetration depth in both bulk superconductors.

If the barrier is too narrow, the fields penetrating the -
bulk superconductors must be taken into account. Finally,

hi/e* = 0,/2 where ¢, is the flux quantum. Then the total -

supercurrent flowing through the junction is

2/2 Y/2 sin(né/dg)
Io= [ | Jgdydz = I sin§ — (2-4)
~2/2 -Y/2 (19/20)

where § = ¢~ -~ ¢+, and I, = JoY2.
This equation means that a current of magnitude less
than

sin(me/3.)

I
o)

(10/0,)

can be carried through the junction without dissipation,
provided the phase 6 is allowed to adjust itself to satisfy
(2-4) . If a larger current is forced through, it cannot be
carried as a steady state supercurrent, so that some normal
current must flow, and the resulting dissipation will be
manifest as a voltage across the junction. Hence by apply-
ing a current that exceeds the critical current, or by
applying a magnetic field, superconduction across the
junction can be quenched without quenching the supercon-

ducting state in either bulk superconductor. Further, from
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(2-4), one need only apply a single flux quantum to the
junction to effect a quench. For a junction with an area
the order of 1078 cmz, then, it would take only about 10-3
tesla to reduce the critical current to zero. This is ten
to one hundred times less field than is required to quench
superconductivity in the cryotron. A bonus that is apparent
from this analysis is that the weakened superconductivity in
most types of Josephson junctions remains weak even at very
low temperatures, so the critical current will be relatively
independent of temperature if the bulk superconductors are
well below Tc. This effect eliminates the worst problem
afflicting cryotrons: the flicker noise associated with
temperature fluctuations of the helium bath will not seri-
ously affect Josephson junctions of the proper design.

There are currently two devices in use or under study
that utilize a single Josephson junction in a singly con-
nected superconducting topology. One device, which appears
promising in computer applications, is an adaption of
Josephson phenomena to cryotrons, and the device will be

15 The device is

called here a Josephson junction cryotron.
made by replacing the gate in a cryc¢-ron arrangement of thin
films with a Josephson junction. This new configuration
behaves qualitatively very much like the old cryotrons,

except that it is not so sensitive to temperature fluctu-

ations, it is much faster, requiring a picosecond time scale
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for measuring the switching speed, and it is activated by
much smaller bias currents, thus reducing the power level of
the device which, in turn, allows a denser packing of the
circuitry. The Josephson junction cryotron uses a tunnel
junction, in which the barrier between the bulk supercon-
ductors is an insulator, and due to some normal state tun-
neling properties not discussed here, they exhibit a strong
hysteresis that is an additional advantage in digital cir-
cuitry. It is this same hysteresis, however, that blocks
a direct application to linear amplification . Other
junction configurations are not hysteretic, but they have
not been applied in cryotron arrangements.

The other Josephson device that has been used by itself
in a singly-connected topology is a Josephson-junction

noise-temperature thermometer.21

Unlike the Josephson cry-
otron, this device does not use the critical current rel-
ation of (2-4), but instead takes advantage of the second
fundamental Josephson equation. This equation is a general
property of superconducting systems, and it relates the
voltage between two superconducting regions to the quantum
phase difference between them. It will not be derived here
(see Feynman, reference 22, for a simple derivation) but the
relation is

v = (R/e*) (dy/dt) (2-5)

where V is the voltage difference, and y is the gauge invar-
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iant phase difference. Thus, if there is a potential dif-
ference V across a Josephson junction, the phase will in-
crease (or decrease) at a rate proportional to the voltage.
When such a time dependent phase is substituted into (2-5)
we see that the net supercurrent must oscillate at the
instantaneous angular frequency w(t) = e*V(t)/h. This
oscillating supercurrent may be detected by mixing a radio
frequency signal with the oscillating supercurrent in the
junction itself, The external rf should have a frequency
much larger thane*V/h. The result of mixing in the non-
linear Josephson junction will be an amplitude modulated rf
signal, where the frequency of the modulation contains the
voltage information. Standard radio F.M. techniques can
then be used outside the dewar to demodulate the mixer
product and create an amplified version of the original sig-
nal.

A possible configuration of such a Josephson device used
as a thermometer is shown in Fig. 3. The Johnson noise
voltage fluctuations of a resistor, Ry, are imposed on a
Josephson junction biased above its critical current. Hence
the total supercurrent throuch the junction will contain a
component whose frequency ic¢ related to the instantaneous
voltage across Rg. The fluctuations of this frequency are
then proportional to the Johnson noise fluctuations, and by

measuring the frequency with the mixing and F.M. techniques

T
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mentioned above the temperature of Ry may be determined from
the Johnson noise formula <V2> = 4kpTR AB. Here <v2> is the
mean square voltage fluctuation, kg is Boltzmann's constant,
T is the temperature to be determined, and 4B is the effec-
tive bandwidth of the measurement. Circuits based on these
principles23 have been used to measure temperatures into the
milli-Kelvin region with good accuracy, which gives an indi-
cation of the sensitivity possible with Josephson devices.
In principle the same circuit could be used as a general
purpose linear amplifier with an appropriate F.M. demod-
ulator in the output circuit to convert the oscillating

voltage back to an analog signal.

2.3 SQUID's

We have seen that a single Josephson junction is extreme-
ly sensitive to magnetic flux in its barrier, but it is not
very sensitive to field. The problem is that it takes a
relatively large field to make even a small quantity of flux
in the small gap area of most junctions. The field sensi-
tivity, evidently, could be increased if that area were made
much larger, while maintaining Josephson coupling between
the two bulk superconductors. Since the barrier must remain
narrow, this would mean making a very long junction. Such a
geometry would not work well because of difficulties in fab-

ricating a large junction uniformly, and, more fundamentally,

ra oy im0 WP i R s
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because self screening currents within the junction would
cause complications. However, there is a simple way of

making a junction with effectively a very large area, and

the resulting devices are called SQUID's, for Superconducting
QUantum Interference Device.l2:13 such an arrangement,

shown in Fig. 4a, consists of two small area junctions in-
corporated into a multiply connected superconducting ring.

It is much as if the center of a single large area junction
had been removed, leaving the two small junctions at the
extremes. In fact, the Josephson equations, (2-2) or (2-3),
still apply. There are now two paths for the current to

flow in, however, so there will be two terms in the expres-

sion for the total current:

I, =1

g o (sinyl + sinyz) (2-6)

We have assumed for simplicity that the two junctions have
equal critical currents, are symmetrically arranged so that
as imposed current will divide symmetrically (in zero ap-
plied field), and that the flux within each junction is neg-
ligible . But in this new geometry the gauge invariant
phases Y1 and Yo associated with each junction are not inde-
pendent. It is easy to show by integrating the vector pot-

ential around the superconducting ring that

cad
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a) dc SQUID configuration. b) rf SQUID config-
uration.
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Y] - Y2 = 2n¢/¢o . (2-7)

P

where ¢ is now the totcl flux enclosed by the ring. Substi-
tuting this expression back into (2-6), we find that the

critical current through the SQUID has a minimum (a zero, ‘

actually, if the two junctions are identical) whenever the

3 % total magnetic flux in the r:i'g is an odd multiple of ¢0/2,
thus making the electrical characteristics periodic in the
flux quantum. Typical SQUID areas might be 1072 cm? so that
a field of only about 1079 tesla is all that is required to
drive the SQUID into a resistive state. The extra sensi-

E i - tivity to magnetic field that SQUID's thus possess over

’ ; single Josephson junctions is due only to the larger area of
the SQUID geometry. However, since the physically larger
inductors used to couple to SQUID's can produce the required
flux with very small currents, this high sensitivity to field

i is equivalent to a nigh sensitivity to current. The tiny

coils requived to drive single Josephson junctions require
very large currents to produce the same quantum or so of
4 magnetic flux. (In other words, the inductance of a coil of =

of fixed geometry scales with its linear dimensions.) Thus

SQUID's are the preferred device where extreme sensitivity
| to fields or current is desired.

What has been described above is usually referred to as

a direct current (dc) SQUID, but there is another version of
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this device called a radio frequency (rf) SQUID.13 This
device consists of a single junction in a c¢losed supercon-
ducting ring, as sketched in Fig. 4b. It behaves like the
dc SQUID in that its electrical characteristics depend per-
iodically on the flux gquantum, but the measurable quantities
are only accessible at radio frequencies. These rf SQUID's
are currently popular because they require the fabrication
of only a single junction and the high frequency circuitry
actually allows some simplification in the way room temper-
ature equipment is coupled to the SQUID. See reference 24
for a thorough discussion.

There is a third device called a SLUG that we referred
to briefly in Chapter One. 1Its principle of operation is
exactly that of the dc SQUID discussed above. 1Its distinc-
tions are a unique method of fabrication and that it senses
the magnetic field due to an applied current in one of its
structural parts, instead of an externally applied field.
See J. Clarke, reference 11 for details.

Despite the excellent sensitivity of SQUID's to magnetic
fields or currents, they are not ideal circuit elements from
the standpoint of designing linear amplifiers. Their per-
iodic response to applied fields makes them extremely non-
linear so that operation without feedback is 4ifficult at
best. Complicating this intrinsic nonlinfarity is the fact

that the Josephson junctions that are their hear: operate
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at very high speeds. Extreme nonlinearity coupled with wide
band response makes these devices especially susceptible to
noise, so that careful shielding of the device, and whatever
circuit it is coupledto, is a necessity. Furthermore, the
very thing that makes SQUID's sensitive to small currents
also makes them low frequency or dc devices. The large

coils uced to couple currents to SQUID's have a large induc-
tance which in turn makes a long time constant in the input
circuit. As we shall see in the next chapter, feedback can
be used to reduce the c¢ffective time consStant of the input
circuit, but feedback cannot alter sensitivity: even with
feedback, the original high sensitivity to current will be
retained only over the original narrow bandwidth. Appar-
ently the only way to increase the low noise bandwidth is to
sacrifice some current sensitivity and make a smaller device
that requires a smaller coupling coil. Hence we envision
moving the two Josephson junctions of the dc SQUID closer
together in an effort to obtain wider bandwidths with less
current sensitivity. The limit puts us back where we started,
with a single Josephson junction in a cryotron-like config-
uration. Hence we must choose the configuration af Josephson
junctions that suits our purpose: SQUID's offer high sens-
itivity but slow response, while single junctions offer quick
response with relatively poor sensitivity. In the following

chapters are presented first a careful study of a particular
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SQUID amplifier; then, using that study as a concrete

example we will show how the ideas discussed briefly above
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CHAPTER THREE: ANALYSIS OF A SQUID AMPLIFIER

SQUID magnetometers have dramatically improved the sens-
itivity with which voltage measurements can be made at low
temperatures.25 An available voltage sensitivity in the
sub-femtovolt (<1015 volt) range and noise temperatures un-
der some conditions as low as 10'6 K are often quoted meas-
ures of the remarkable capabilities of these devices. pre-
vious work on SQUID amplifier525'27 has in the main empha-
sized their applications as sensitive dc voltmeters. In this

chapter, however, we explore their potential as low-noise

. amplifiers for general purpose use in the liquid helium

temperature range. We discuss the construction of practical
amplifiers and describe the operating characteristics (noise,
bandwidths, impedance levels) of an amplifier we have built.
These -~haracteristics are also compared with those expected
theoretically and with those available with the best conven-
tional room-temperature electronics.

Conventional SQUID voltmeters have two principal short-
comings when applied as amplifiers: they have narrow band-
widths, and they exhibit their superior noise performance
only for very low source impedances. These drawbacks can be
overcome, however. First, the bandwidth can be extended
beyond that allowed by the natural L/R time constant 1 of
the input circuit by using the SQUID as a null detector in a

feedback circuit and taking advantage of the properties of

1\
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ﬁ negative feedback to decrease the response time of the cir-
cuit. As we shall discuss in detail, using feedback prop-

5 erly it is possible to obtain bandwidths well in excess of
1/1, although the best noise performance is still restricted

5 F ~ to the smaller natural bandwidth. The advantages of incorp-

‘ orating negative feedback with SQUID voltmeters were first

; ; emphasized by McWane, Neighbor, and Newbower . 28 Subsequent-

8 ly, Newbower?? and Giffard, Webb and Wheatley27 have anal-

yzed in greater detail the effects of feedback on the oper-

o

ation of SQUID's when used as null detectors. The treatment

presented here derives from the work of Newbower and unlike

T TR G AT

that of Giffard et al. stresses the use of feedback to max-

imize bandwidth.

The second major problem encountered in attempting to use
SQUID's in low-temperature amplifiers is that they exhibit
their best noise characterisiics only for very low source
impedances. For example, micro-degree noise temperatures are
available with SQUID amplifiers only for source resistances

<10'6 ohm; for SLUG's {he source resistance must be less than

- 10'8 ohm. This situation arises because the SQUID is basic-

ally a current sensing device and small voltages produce

large currents only for small source impedances. The deter-
ioration of the noise characteristics of superconducting amp-

lifiers as the source resistance increases has been discussed

by Clarke, Tennant, and WOody,3° who have successfully used
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superconducting impedance matching transformers to improve
the situation substantially in the case of ¢ SLUG amplifier.
Basically they use the transformer to transform the high
source impedance to a lower, more favorable level. Their
best effort at the time yielded noise temperatures in or
below the liquid helium temperature range for source resis-
tances less than 10”2 ohm.

Using impedance matching transformers with a SQUID rather
than a SLUG, we have been able to obtain noise temperatures
less than 4 K for source resistances up to a few ohms with
relative ease. Minor improvements would be expected to
yield similar or better performance for resistances up to
tens of ohms. For source resistances much larger than ten
ohms, however, conventional electronics becomes competitive
for mose low frequency applications.

A graphic illustration of the remarkable capabilities of
a properly operated SQUID amplifier is shown in Fig. 5, which
shows the response of our amplifer tc a 1.92 nV step input
generated in a source with an internal impedance of 0.l12 ohm,
The noise seen on the amplifier output is due to Johnson
noise from the source itself. In making the trace shown in
the figure the response time of the amplifier was limited by
a 100 Hz low-pass filter on its output. The response time |
of the amplifier itself was '\:10-4 second. Similar photo-

graphs of Johnson noise superimposed on a step response
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?

1.92x10° Volts

l

Fig. 5 Low level step response of the SQUID amplifier
showing the Johnson noise of a 0.12 ohm resistor
in an externally imposed 100 Hz bandwidth.
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produced by SQUID voltmeters not properly matched to the
source resistance or optimized for response time have
required minutes to trace out .27

A circuit found to perform satisfactorily as an ampli-
fier and capable of the performance indicated above is des-
cribed in section 3.1 of this report. In section 3.1 we
also establish the equivalent circuit of the amplifier, in-
vestigate its dynamic behavior and noise properties, and
consider the performance expected when impedance matching
transformers are used. In section 3.2 we describe the con-
struction and performance of the amplifier and impedance
matching transformer we have built and then compare their
operating characteristics with the theoretical analysis pre-
éented in section 3.1. 1In section 3.3 we compare the per-
formance of our superconducting amplifier with the best

available room temperature amplifiers.

3.1 Theory of Operation

A. Basic Circuit

The basic amplifier circuit we have studied is shown
schematically in Fig. 6a. In this circuit a SQUID magneto-
meter is used as a null detector in a self-balancing feed-
back arrangement. The signal voltage Vg produces an error
current I which is sensed by the SQUID and used to generate

a feedback current Ip = Vo/Ro which produces a voltage




NAGNETOMETER

RF SQUID

Fig. 6 a) Basic amplifier circuit. b) rf SQUID magne-
tometer circuit. The heavy lines indicate super-
conducting current paths.
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across RF that tends to reduce I;. At balance when Ip = 0,
VS = IFRF by Ohm's law, and therefore V,/Vg = Ry,/Rp. As is
typical of negative feedback circuits, the overall gain of
the amplifier is independent of the gain of the individual
active elements and the input is potentiometric. In real
circuits this voltage gain may range up to 1010.

The magnetometer itself consists of a superconducting
cail L and a SQUID which senses the current through the coil.
Since the superconducting coil has zero resistance the com-
ponent of the current through the null detector due to the
signal is given by VS/RS (one usually chooses Rp<Rg), so
that the null detector is extremely sensitive at low source
resistances. The extraordinary noise performance results
because the thermal noise in the Qource, proportional to
/RS, decreases more slowly with decreasing Rg than does the
minimum detectable voltage. (The actual situation is more
complicated and is discussed below.) A schematic of a
superconducting amplifier incorporating a SQUID magnetometer
is shown in Fig. 6b for the particular case of an rf SQUID.
The details of the operation and instrumentation of the SQUID
will not be discussed here since they are amply discussed in
the literature. (For example, see reference 25 and the
references therein.)

' The basic circuit shown in Fig. 6a was first used as a

superconducting dc voltmeter by McWane, Neighbor, and

PR
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Newbower28 and has subsequently been widely adopted. As we
shall see, it can also function nicely as an amplifier, with
several advantages. First, when the loop gain in high, the
error current is kept small and the circuit has a high-imp-
edance potentiometric input. Second it provides a means by
which a sensitive but non-linear (in fact periodic) device
such as a SQUID can be used to construct a linear amplifier
with large dynamic range. Finally, negative feedback re-
duces the response time of the circuit substantially below
the natural L/R time constant of the null detector loop.
This faster response is particularly important for an ampli-
fier. As we show in detail below, in the absence of comp-
licated compensating networks, the ultimate bandwidth of
this amplifier is determined by the response time associated
with the feedback resistor, RF'

The equivalent circuit we have found to satisfactorily
account for the dynamic behavior of this amplifier is shown
in Fig. 7. Here Lg is the inductance of the source, Lp is
the inductance of the feedback resistor, and LL is the induc-
tance of the null detector itself plus any stray inductance
L' in the central loop not explicitly accounted for in the
source or feedback resistor. Series inductances and not
shunt capacitances are of primary importance in determiningv
the frequency response of this circuit since the resistances

involved are very small. The SQUID null detector has been

e
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Fig. 7 SQUID amplifier circuit. The SQUID is modeled as a
linear current controlled voltage source with output
voltage to input current ratio 8.
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modeled as a current-controlled voltage source with output

et S ]
1
i
]

V(IE) = BIE. The amplifier in this figure stands for the
o entire chain of electronics (lock-ins, amplifiers, filter,
etc.) which actually come between the SQUID detection cir-

cuits and the final feedback voltage.

B. Frequency Response and Bandwidth of the Amplifier

, f An approximate solution for the transfer function of the
circuit shown in Fig. 7 is easily obtained. Summing volt-

ages around the central loop we have

STV I

Vg = IE(RS + RF) + IE(LL + LS + LF) + IFRF + IFLF (3-1)

where because of feedback

ABI
1 - e
Rq

KIp . (3-2)

Assuming Vg varies sinusoidally in time, we are led to the

equation

B o A,

Vg = IglRp + iuLp + (Rp + iwLp)K) (3-3)

where Rp = RS + Rpy Lp = Lp + Lg + Lp are the total loop

resistances and inductances respectively. Finally, if

KRp/Rp>>1 as is usually the case,
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L Ro 1

— = = (3-4)
Vg Ry L1+ iu(tp + ToRp/KRp)

where Tp = LF/RF and Tp = LT/RT' From (3-4) we see that
when TTRT/KRF<<TF, the natural time constant of the loop,TT,
drops out and that the bandwidth is ultimately governed by
Tp.

A more complete solution is obtained using elementary
feedback theory. From (3-1) we see that the error current
IE produced by the source voltage Vg is given by

Vg - Ip(Rp + iwLp)

IE = . (3-5)
RT + i(.IJLT

From this equation and Fig. 7, the block diagram of the feed-
back loop can be established by inspection and is shown in
Fig. 8. In the circuit of Fig. 8 we have included the fre-
quency response of the amplifier chain A(w) = Ao/(l + ier)
and we define B8 = M3V/3% where M is the mutual inductance
between L and the SQUID and 3V/3%¢ 1is the output voltage of
the SQUID detection circuits (i.e. in our case the rf tank
circuit) per unit flux change in the SQUID. Defining G(w)

as the forward transfer function and F(w) as the feedback

transfer function, the response of the closed loop is given

by
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Yoo S Rop 1 At AT HF})-l
Vg 1+FG  Rp G(0)F(0) G(0)F(0) G(0)F(0)
(3-6)
where
G (w) = AgB/Rp(l + iwty) (1 + iwt,)
F (w) = Rp(l + iwtp) /R,
G(0)F(0) = KRp/Rp = A,BRp/RoRp .

When Tp<<Tp, (3-6) reduces to (3-4), found above. Note,
however, that if TAG(O)F(O) is larger than 1p, the response

of the system becomes peaked at a frequency wg

wo = /[G(O)F(O)/TATT] .

It would be best not to operate in this region, not only
since a flat response is usually preferable to a peaked one,
but also to avoid instabilities in the feedback loop. (Al-
though the loop as shown in Fig. 8 is completely stable,
additional small phase shifts can lead to instability when
the response is peaked.) Unfortunately, in practice it is
not always possible to make 1 sufficiently short to avoid
these difficulties while simultaneously maintaining suffic-
ient dynamic range in the amplifiers. These practical prob-
lems associated with increasing bandwidth are discussed in

detail in section 3.2.
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C. Noise Temperature of the Amplifier

Although the transfer function bandwidtnh is a consider-
ation in a sensitive amplifier, its importance is secondary
to the amplifier's noise performance. The transfer function
may in principle be modified almost arbitrarily; the noise
cannot. Poles or zeroes in succeeding stages can cancel
zeroes or poles in preceeding stages, and feedback can be
used to effectively decrease the response times of the pass-
ive components in the input circuit, as we have already
seen for the specific case of the SQUID amplifier. None of
these, however, can affect the noise characteristics of the
amplifier, provided the first stage of amplification has
high enough gain. This fundamental distinction between the
transfer function and the noise of an amplifier can be made
clear with the aid of Fig. 9a, which is the block diagram of
a general feedback loop with two stages of forward gain, G;
and Gy. Three noise sources, Ny, N,, and N3, have alsn been
distributed between the stages. These generators specifyv
an equivalent voltage or current noise density in units of
volts//Hz or amperes/vHz. With input signal IN the output
of this loop will be

Gle

OUT = —— _  (IN + Ny + Nz/Gl + N+/G Gz) . (3-7)

It is apparent that only those noise sources that precede the
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Fig. 9 a) Block diagram of feedback loop with distributed
noise sources. b) SQUID amplifier block diagram
with distributed noise sources.
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first stage with large gain need be considered in an analysis
of the noise of the amplifier. Further, since the feedback
network, F, plays no role in determining the relative
strengths of the signal and noise at the output, an open
loop analysis is all that is required for any values of for-
ward and feedback gain. Hence, the noise properties of the
entire system are independent of both feedback and of addi-
tional stages of amplification beyond the first stage with
high gain.

A convenient parameter used to specify the noise pro-
rarties of any given amplifier is its noise temperature Ty-
This quantity is defined as the extra temperature that must
be added to the true temperature T of the source resistance
to explain all the noise at the output of the amplifier as
arising from Johnson noise in the source resistance. For

the block diagram in Fig. 9a we have

- 2
|ouT|2 = 4kgRg(T + Ty) = 4kgRgT+|N;|“+|Ny/Gy|2+|N3/G16, |2
which can be solved for Ty:

Ty = (4kBRS)'l (IN1|2+|N2/G1|2+]N3/G1G2|2) (3-8)

Hence the noise temperature depends on the source resistance,

the spectra of the noise sources, and the transfer functions
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G; and G,- If the noise temperature is less than the true
temperature, then the Johnson noise of the source déminates
over the amplifier noise, and a quieter amplifier is not
ordinarily needed. 1If, however, the noise temperature of
the amplifier is larger than the temperature of the source, -
then amplifier noise dominates over Johnson noise, and a
quieter amplifier would yield increased sensitivity.

SQUID amplifiers can have extremely low noise temper-
atures. We may use the ideas developéd above to obtain an
expression for the noise temperature of the SQUID amplifier
analyzed in the last section. The block diagram for that
amplifier is presented in Fig. 9b with both a current and ’
voltage noise generator present, and with the feedback net-
work absent, since, it will have no effect on the magnitude
of Ty. We need include only these two noise generators
since they are the only ones to precede the first stage with
high gain, which physically is the SQUID. If we identify
e, with N; and in with N,, and 1/Rp(l+iwtp) with G;, we may

substitute directly in (3-8) and obtain

2 . 25 2 2. 2
e i (1 4+ whTmé)
T . Ry T —— |

For the present discussion we will neglect e, because in

regimes where SQUID amplifiers have been operated the current

noise term is the dominant one. This current noise generator




e W I T Ry TR S e

TR

S B e

TSR T

41

takes into account the noise generated physically in the
SQUID itself and in the electronics that follow it,iall
referred back to the point in the block diagram where we
have placed our current noise source. We could as well have
placed our noise generator after the mutual inductance, M,
in the block diagram, which would have made it an equivalent
flux noise generator. 1Indeed, the noise in SQUID's has been
conventionally specified as an equivalent flux power
density3! <¢§> = <i%>/M2. We will not follow the conven-
tion here because it is an inferior scheme. Specifying the
flux noise takes no account of the coupling32 to the SQUID.
A SQUID with very small flux noise but which also has a very
small mutual inductance coupling it to the current to be
measured may be less useful than a SQUID with slightly more
flux noise, but a much bigger mutual inductance. Hence ig-
noring e, for now, and making the further assumption that

Rg = Rp, we have for the noise temperature:

i %Rrg |
Ty (w) = (1 + w2tq?) (3-10a)

4kg

The explicit dependence on Rg may be removed by noting that

L/Rs = Tp. Then defining C = L<in2>/4kB we see that the low

frequency noise temperature can be written

Ty (0) = C/1p . (3-10b)
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The quantity C, which we call the action factor after

Radhakrishnan and Newhouse,33

is a function only of the
particular SQUID magnetometer used and is a useful fiqure of
merit for the system. Equation (3-10b) shows that for a
given SQUID magnetometer (hence a given C), the noise temp-
erature of the amplifier depends only on Tepe Substituting

the representative values <i 25 = (2x10'10amp)2, and

n
L = 1076 H we find that C = 1073 K sec. Note that the cur-
rent sensitivity quoted above corresponds to a flux sensi-
tivity of only about 1073 ¢_, where ¢, = 2.07x10-15 weber is
the flux quantum. The best SQUID's to date, when operated in
a well shielded environment, have demonstrated a noise

power density that yields C = lO—6 Ksec. For our SQUID

at its best, the action factor is C = 5x10”° Ksec. We expect
that better shielding would yield a lower value.

Equation (3-10b) shows that the minimum noise temper-
ature of a given SQUID amplifier is directly proportional to
the bandwidth over which that minimum is available, and that
the minimum noise temperature is independent of source resis-
tance so long as Tp is kept constant. Thus if a SQUID amp-
lifier is capable of a 10_5 K noise temperature with Tp = 1
second, it is also capable of a 1 K noise temperature with
Tp = 103 second. If T is specified, then (3-10b) speci-
fies TN(O). One is left, then with the problem of recon-~

ciling a given source resistance with the t1q required by a
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desired value of Ty (0). This can be done within limits
either directly by physically changing the coil L or indir-
ectly by using impedance matching transformers, as described
in the next section. In practice, however, L and the trans-
former turns ratio cannot be varied continuously but are
chosen so as to put Tq and TN(O) more or less in the desired
rande. Once L and the transformer are fixed, TN(O) is pro-
portional to Rg. Specific contours of TN(w) are discussed
later. As we shall see it is possible to get noise temp-
eratures in the sub-Kelvin regime even at source resistances
in the tens of ohms range by using transformers. Above ten
ohms conventional room-temperature amplifiers with noise
temperatures in the liquid helium temperature range are
available, although unlike SQUID amplifiers, they have very

poor performance at very low frequencies.

D. Impedance Matching Transformers

As indicated above, impedance matching transformers play
an important role in extending the range of source impedances
over which SQUID amplifiers can be profitably employed. The
function of the transformer can be viewed in two equivalent
ways. One can view the transformer as stepping the imped-
ance level of the source down (or up) to a level at which,
for a given L, Tp and TN(O) are in the desired range. Al-

ternatively one can view the transformer as stepping up (or
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down) the effective inductance of the SQUID coil. In any
case, for a perfect transformer 14 = (NP/NS)ZL/RS, Qhere
Np/Ns is the primary to secondary turns ratio of the trans-
former and (3-10b) remains valid if 14 is taken as the loop
time constant with the transformer present. In practice
transformers are not perfect, but if reasonable care is taken
in constructing the transformer, (3-10b) remains valid where
the action factor C is increased roughly by a factor of two
as shown below.

To analyze the operation of the transformer in detail
consider the SQUID coil L coupled ﬁo the bridge circuit
through a transformer with mutual inductance M', pri-
mary inductance Lp and secondary inductance Lg. No resis-
tance need be considered, even at dc, since only supercon-
ducting components are involved. By elementary circuit
analysis a current Ip in the transformer primary produces a
current Ig in the secondary given by

M! Lg
Ig = ~Ip —— = -Ip k' — (3-11)
L + Lg L +L
where a = (LF’/LS)]‘/2 and k' is the coupling coefficient of
the transformer. The effective inductance seen by the cur-

rent IP 1s

L
Legg = 02 L (——— ) [1+ (1 - k*'?)Lg/1] . (3-12)

L + Lg
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For an ideal transformer in which k' =1 and Lg>>L, a=Np/Ns
- 2
and Leff-(Np/Ns) L.
. When a superconducting transformer is used in the cir-

cuit of Fig. 6, the expression for the noise temperature

becomes
T (W) = <i,>Rg? (1 + w?td)

: L 4kga® k' (Lg/[L+Lg))*
! , (3-13)
1 <i_ “>R

n
3 = C (1 + w2T2) f(k',L/L_)

T s
4kg

which is the same result found before, in (3-10a), but with

a correction factor f(k',Lg/L) = (l+L/Lg) (1+[1-k'2]Lg/L)/k'2

that accounts for the non-idealities of the transformer.

For fixed k', the function f has a minimum for L/Ls=/(l—k'2).
Thus, in order to achieve optimal performance one not only
wants to make k' as close to unity as possible, but one also
must have Lg = L(1-k'2)"1/2_ For real transformers, where
with care 0.9<k'<0.95, f is nearly optimized for values of

, L/LS in the range 0.25<L/Ls<0.65. Moreover, under these

conditions 2.0<fopt<2.5 . Thus the requirements for optim-

ization are not demanding, and useful design formulae when a

tra sformer is used are:

e

<in2>L
C = TN(O)tT = 2.25 ——— K sec (3-14)
4kB
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;2
2.25<1n >R

] 2

Ty () = (1 + wlrg?) K (3-15)

4kp

3.2 CONSTRUCTION AND PERFORMANCE OF SQUID AMPLIFIER AND
SUPERCONDUCTING TRANSFORMER

A. Construction

A SQUID amplifier divides naturally into two parts: the
bridge circuit and impedance matching transformer operating
at low temperatures, and the conventional electronic circuits
at room temperature used to process the SQUID signal and
generate the feedback current. Except for the transformer,
which is described in detail below, the construction of the
low temperature circuitry is straightforward. The null det-
ector is made by placing a supercondcuting coil in the sens-
ing area of a SQUID magnetometer. For application with high
source resistances, this coil should be as large as possible
consistent with good coupling to the SQUID. For our system
we used a 70 turn single-layer coil wound using 0.01 cm
niobium wire on a 0.2 cm diameter coil form. The self induc-
tance of this coil was 1.0 microhenry. The SQUID was a
standard double-hole Zimmerman-type rf SQUID.13 For test
purposes Rg and Rp were constructed using short lengths of
various typcs of alloy wire whose lengths were chosen so as
to obtain resistances in the range 10™3 to 1 ohm. Test sig-

nals were generated by driving Rg with a current source. The

PPN TSRO . *
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null detector and associated low-temperature circuitry were
enclosed in a superconducting lead shield and immersed
directly in the liquid helium. Further shielding was pro-
vided by two concentric mu-metal shields that surrounded the
entire liquid helium dewar system. Although all low-fre-
quency signals entering the dewar were routed through low-
pass filters, the radio-frequency shielding was not comp-
pletely adequate for operation outside a screened room, and
the performance of the SQUID suffered accordingly. Well
shielded or not, the null detector circuit is quite standard
and similar to that used widely in voltmeter applications.
It is the room-temperature elect~onics and the impedance
matching transformer which must be carefully designed to
achieve wide-band, low-noise performance.

Most SQUID voltmeters incorporating feedback have been
restricted to dc applications by instabilities in their
feedback loops. However, the SQUID amplifier modeled in
Fig. 8 is completely stable, since at no frequency is the
loop gain unity or larger with a phase shift of 180 degrees,
Real SQUID voltmeters, with real instabilities, then, are
not perfectly modeled by Fig. 8: they have additional phase
shifts introduced at various points in the room temperature
electronic circuits which are not accounted for in the model.
These additional phase shifts typically arise from the tuned

circuit at the front end of the lock-in amplifier. Further,
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many commercial lock-in amplifiers have more than a strictly
6 db per octave roll-off in their output amplifiers; and
there is an extra phase shift associated with this faster
roll-off. Finally, capacitive feed-throughs used as rf
filters on cryostat leads may also introduce unwanted phase
shifts. If bandwidth is to be preserved, it is necessary to
control these stray phase shifts with carefully designed and
selected electronics.

The schematic of a SQUID amplifier found to Le adequately
free of instabilities is shown in Fig. 10. In order to
minimize stray phase shifts this circuit incorporates a bal-
anced mixer rf detection scheme, which allows low-noise det-
ection without tuned circuits, and a wide-band lock-in amp-
lifier. This home-made lock-in has an input amplifier that
is flat from a few kilohertz to nearly one megahertz and
therefore is free of significant phase shifts in the 10 to
100 kilohertz range. Moreover, the output section of the
lock-in is a broadband operational amplifier set up as a
low-pass filter with a strictly 6 db per octave roll-off.
The time constant of this roll-off is adjustable in steps
from 1.5x10") to 1.5x105 second. There is also a switch
to change the op-amp from its usual low-pass filter function
to an integrate functioi. for high accuracy, low-frequency
applications. An external audio oscillator drives the SQUID

and provides a reference for the lock-in amplifier. This
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system was found to be free of instabilities and described
very well by the amplifier equivalent circuit analyzed in
section 3.1. The detaileu comparison of the expected and
observed performance is presentel later in this section.
While careful attention to the room temperature elec-
tronics 1is necessary for wide-band performance, the super-
conducting impedance matching transformer is the key to the
excellent noise performance of SQUID amplifiers at any but
the lowest source resistances. Considerable effort was
expended on building a transformer with good performance.
The theoretical considerations involved in the design of
these transformers were described in section 3.1 D. Here
we discuss the practical design considerations and the actual
construction. A satisfactory transformer design is shown in
Fig. 11. It is an "air core" transformer in which good
coupling between the primary and the secondary is obtained
by means of a flux conduit formed by a superconducting
sheath wrapped around the transformer windings as shown.
Because of the perfect diamagnetism (Meissner effect) of the
sheath, the flux produced by the transformer coils is con-
strained to pass through the tube formed by the sheath,
assuring good coupling between primary and secondary. It is
important that this sheath be singly connected, since if it is
multiply connected, circulating currents that cancel the

flux produced by the windings will be induced, thereby

G st al
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Fig. 11 Construction details of the superconducting
impedance matching transformer.
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hindering transformer action.

Our most successful transformer, constructed as.descibed
above, had a 1439-turn, two layer primary and a 30 turn,
single layer secondary. The primary was wcund using 0.0lcm
Nb-Ti along the entire length of a 1.27 cm diameter by 7.6 cm
long phenolic tube. The secondary, also 0.0l cm Nb-Ti wire,
was a shorter coil wound tightly over the primary as shown
in Fig. 11. The superconducting sheath was formed by winding
two complete layers of 0.0025 cm niobium foil around the
entire length of the transformer. Insulation between the
layers was provided by a 0.0025 cm thick mylar sheet. The
current gain of this particular transformer, vhar coupled to
the one microhenry SQUID coil, was 22, and the coupling con-
stant was measured to be 0.9. The primary self-inductance
was approximately 4x10-3 henry; the secondary self-induc-
tance was approximately 5x10~0 henry; and the effective
inductance of the primary when the transformer was coupled to
the SQUID was about 7xl()-4 henry. All these parameters are
self consistent in view of the theory presented in section
3.1. Also, according to that theory, this transformer would
have been better optimized if the secondary self-inductance
were 3x10-6 instead of 5x107° henry. Possible improvements
would be the inclusion of a high permeability core for

larger current gains and the incorporation of taps along the

primary to provide versatility in impedance matching.
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Using this transformer we have achieved a 4 K noise temper-
ature over a two-hundred hertz bandwidth with a one ohm
source impedance. Improved rf shielding or operation in a
screened room should improve this noise temperature by more

than an order of magnitude.

B. Performance

Both experimental and theoretical transfer function amp-
litudes are displayed in Fig. 12. The fit, with no adjus-
table parameters, is quite good, even for the high-Q sit-
uation. The quality of the fit indicates that the feedback
circuit is modeled very well by the block diagram in Fig. 8,
and that (3-6) and (3-10) may be used with confidence to
control and predict the characteristics of the SQUID ampli-
fier. Notice that the lower loop gain corresponds to the
lower Q transfer function. The loop gain was restricted to
these low values for the parameters given in the figure by a
requirement for broad bandwidth with a minimum Q. The Q
derived from the model is Q2 = F(O)G(O)TA/TT, under the
usual conditions that 1, << 1p and 1q >> G(O)F(O)TF. Hence,
if we require thatQ = 1, we have a reciprocal relation
G(0)F(0)tp = tp between the loop gain and Tp. If 1, were
smaller, more gain could have been used while not increasing
Q, bul this would have required a lock-in whose output amp-

lifier could handle the larger dynamic range required due to

P
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Fig. 12 Frequency dependence of the transfer function on -
T, and G(0)F(0). For the data shown, 1p=10"3 gec
afld rRy=0.11 ohnm.
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the extra noise bandwidth. Hence, for the curves shown we
were restricted to relatively low loop gain by the dynamic
range of the lock-in amplifier. This is not a fundamental
limit, however, since with a better lock-in there would be
nothing to prevent a bandwidth out to 1/1p.

Just as the transfer function of the SQUID amplifier
follows closely the predictions of the model, so does the
output noise spectrum. This spectrum may be written in
terms of the noise temperature given by (3-8) in section

3.1:
< 2>1/2 = [(akgRp(Ty () + T)1Y/2  volts/Hzl/2

where T, the helium bath temperature, is the temperature of
the source resistance and RF' This formula predicts a
spectrum with a flat low-frequency region followed by a 6 db
per octave rise through the pass band defined by the transfer
function, (3-6), and this behavior is precisely what is
observed, as shown in Fig. 13. Note that the flat, low-
noise region exceeds the intrinsic low-noise bandwidth qov-
erned by 1/1T by a substantial amount because for the case
shown the amplifier noise temperature at low frequencies is
substantially below T. 1If Ry is known and the noise spec-

trum is measured, the amplifier noise temperature may be

calculated from the formula above and contours plotted as a

B e L.
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function of frequency and source resistance. These noise
contours, crucial for choosing between amplifiers, are shown
in Fig. 14. The contours plotted in this figure were calcu-
lated from (3-10) with empirical verification at several
points. The action factor, C, that these curves imply is
about 2x10"4 K sec. This figure was achieved without a
transformer; when a transformer was used C was found to be
larger by an order of magnitude, rather than the factor of
two expected on the basis of (3-15). This degradation was
caused, we believe, by inadequate shielding of the trans-
former and we fully expect a well shielded SQUID amplifier

to be characterized by a value of C of 1072 K sec or less.

3.3 COMPARISON WITH CONVENTIONAL AMPLIFIERS

We have shown so.far that SQUID amplifiers have a list
of desirable characteristics for low temperature, low imp-
edance applications, but we have not yet shown over what do-
mains these characteristics provide performance superior to
that achieved with conventional semiconductor technology.
Perhaps the best way to outline these superior domains is to
make a direct comparison to a potentially competing conven-
tional amplifier. To our knowledge the best such amplifier
is the Princeton Applied Research (PAR) Model 185. This
comparison will cover three broad areas: frequency response,

characteritic impedance levels, and noise. It is important
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to clearly state the conditions under which compari;ons are
made and to realize that different conditions can lead to
different conclusions. Since the potential applications of
SQUID amplifiers are at low impedance, we willrfirst assume
that both the SQUID and PAR 185 amplifiers are coupled
through appropriate ideal transformers to handle a one ohm
source resistance. We may then compare the frequency re-
sponse directly; the impedance levels indirectly through the
required transformer characteristics; and noise using noise
temperature as a parameter. Noise temperature, rather than
noise figure, is the most convenient parameter for this
comparison since the two types of amplifiers operate at
different temperatures and a given noise figure means dif-
ferent things at different temperatures.

If we restrict the comparison to our present imperfectly
shielded experimental SQUID amplifier and the PAR 185
commercial amplifier, each coupled with an appropriate
ideal transformer to a one ohm source resistance, we may
state broadly that the PAR 185 is a broad-band, high imp-
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